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CU. Abstract., LTIl

.{tlA:néw égpression f@r the emitté?lefficiency

- iéideriﬁeg takingifhg degeneré;y.éf_the emifté;‘into'q

7.éécounf; itkis fopnd thét, éven if there:is no :
?fécémbiﬁationléf minqrity carriers in the emitter,
degener;cy reduces the éhiifer efficiency.

.:Ih addition this first order theory explains

v

experimental results on tempera%ure dependence of
current gain and predicts an optimun emitter'design

for a fixed type of emitter profile, - -



ST

" The emitter efficiercy is definéd as:

SR A S

- Y = - - Sy

S .an + qpe . . AR »
where an 1s the electron curreht'injected into the
" base and J._ is the hole current injected into the

- pe

"emitter, In a modern transistor the emitter efficiency
i the mede Ctat | ain @
is the major limitation on the currernt gain « If

@x 1S the current gain of a trarsistor wvhere enitter

efficiency 1is the only limitation to the current

¢

gain, it can be written as: —

. J : : ~~ . N
=3 -2 - (2)

be

The enitter sfficiency for’a"diffused tran-

 tiret eatent e,
sistor was first calculated by Tannenbaum and Thomas
. In their treatﬁent they neglecfed recombinétion in the
emitter and their calculation resulted in values for
(33. of almost one or two orders of magnitude lafger
thar measured., Kennedy and'Murley [} took reconmbination

in the emitter into account but still predicted_higher



" values than measured. In order to explain this

” ;diécrepaqcy Yhittier and Downing E] postulated. that

-; the phosphorus atoms act as Qeryilow lifetime

vlrecbmbination centers ‘at concentrations higher than

1019cm‘3, thus considerably ‘increasing Jée.

RN } | S _ 7
~ - On the other hard, Xauffman and Bergh[]
El e

" and Buharan found that the decrease in the forbidden
energy gap, due to degeneration and Coulomb interaction
‘of the free carriers in the emitter can explain the
tenperature dependerce of current gain.

. This decrease in energy gan Was'indéed_

[e]

measured by Vol'fson and Subashiev by. absorption
' experimerts, They found that the decrease in bandgap

energy‘AEg for n-type silicon car be described by:

o173 '
AE = it 2 xY3 vy )
N - . D o d .
- - . -8
where < = 3,4 .10 eVen
" R 19 -

are derived from their experimerntal déta and

ND ~ is the corcentration of the donor dopant,

This formula isiin qualitative agreemént

o . o g . o
with the Bonch-Bruevich[] theory of Coulomb inter-



factibn offfreé éariiers in degenerate semiconductors.

. Based on these results Buhanan presented

- a sinple emitter modei_ﬁheréby the uniformly doped
but degenerate emitter changes abruptly into a

:; uniformly doped, non-degenerate base so that at the

' edges of the depletion layer:

. R 9 . ' ' » -

P n NA ) -NA AE _/kT _
ne = .___3.?___ = e g o (4) .
L : nibYD kD

where nie and n,, are the intrinmsic concentrations
'in the enitter and base respectively, NA and ND are

the doping levels of base and emitter'respectively.

_As a result:

(3x D ar : -
. peWbA.A . .
‘D, @ard D, are tie electron and hole diffusivities

" in the base ard emitter,.Lpe is the diffusion 1engt§
'Win the eﬁitter and.wb.is the base width, .

Althaﬁgh thié.mddel prédictsAa'iower‘gain
.and AAStrQng temperature deperdence due to the band-
gap decrease; it has ébﬁe major shortconings in that

1t does not take the diffused nature of the devicé



x

into accounti, For most diifused devices the emitter

base junction is not degeneratle so that (4) does
e con i

not hold., #According to (3) the decrease in bandgap

iy ) -
energy starts only at Butgl.ﬁs.lolgcm “ so that -
; _ e _ .
this effect only takes place in tie highly doped part
of the emitier,

In this letter a2 new expressiocn for @y
. ; ¥

[N

n

[e2]

will be derived tak degeneracy into account, Fig. 1{(a)

-+

represents the donorprofile ND(x) in an n’ emitler.

The enjtter-base Jjunction depletion layer boundary

is located 2t x = 0 arnd x = xe represents the enitier

contzct,

Bandgap decrecse sets in at » = x as shown

in Fig. 1(bl, If the density of siates is not stirongly

ffected by the band tailing cffect we can write:

[a)

E, - AE_(x) - AE_(x)
E__ € —J)2n

(&)

) (6)
io

15! L
the donor iapuritiez "7 , the eguilibrium hole density
is giver by:
. : 2 N g - i -
po(x) = ni(x)/F (=) (7)
- . . . . .

where P . o .
¥(x) = HD(X) - ¥, (x) " v (s)



 1h_é§ui1i5rium the hole current is'zero so:that;  o

N . - o}
F. = - D em—— + b’ - o (9)
;peo _ _9 P o q/Kp‘pozﬁx) o

. dx
where E(x)»is the electric field in the emitter.

‘Since the material is degenerate for x>=x

a’
[ |

fhe generalized Einétein relation H C R
b kr F, ¢ xr

N Gy = — (f( ) - €10) |

FT . P

‘;/up

has to be used, }f ('7) is the Fermi~- 1nte¢ral of index

'LJ and

q L B '

;7 =— (Ep - E) ' -0 €11)
: c L
. kT . Co. R .
Fron (7)), (9) and (10) it follows that:

KT 2 dn, 1 AN |

E<x> =_——ur @ |— —-—— | .a
q. ~ n, dx N dx

It follows from (12) that the spacefdepehdent n,

introduces a correction'to the electric field

‘expression, described as a quasi-electric field by
10 " .

Kroener[ J

If V_> 0 a hole current J__ is injected
EB ) _ pe ]

into the emitter. In order to emphasize the degeneracy



"”effecf and to keep mathematics simple, nbirecbmbinatiqnv '
f is éssumed and fhus Jéé-is éonstant throughout the

. emitter i.e. N

J. = -=qD.—— 4+ q y p' & (x) (13)
) pe o P dx. /Mp_ S o e
”'where p' :Ap - P, is the excess hole density;

-'vFrbm (12) and (13):'

I dp’ 2  dn 1 dax

i .

-ie. = e - - p* (14)
. qb dx n dx N dx

: p ; i

Note that a{ this stage the modified Einstein relation

disSapears if Dp(N) is known. .

" Integration of‘(14), with p'(x,) = 0 as

boundary condition, yields:

(15>

. 2 Xo
L | Jpe nichj*" NE) a}

p'(x)= - 5
T mx) i np@)nicg)

If it is assumed that the eﬁitter-base‘junction is

not degenerate, it follows from (15) that:
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Using the Mbll-Roéslig relation for J we finaliy

. nb
U b2 o 2
find: N(2) x ne
1nd. - A‘S"“e . ; nio‘ dg._ 5 S eN(§) 22.0 d§‘
[3- ) D <§>n%<g> i 7 ni(g), vus)'
¥ Wenedrag B4

je 5 nba
0 . ) o

‘Whefe‘ﬁh and'3; fepresent appropriate“mean values
for D and D . ~
. n. ) L »

Eq. (18) represents the main result of this
. letter ard it is interesting to compare it with the
Tannenbaum-Thomas expression which is exactly the
sane except for the fact that in the new expresglon,

for x= x

ar the effective emitter charge is decreased
by the factor: |
: : 2 o _ AEg ) i“(Nl/g &1/3)
Tlo. T D . ,
= e kKT _ ¢ _kT _ - <£1 Q9
ni(x) - : '

Expressioﬁ (19) follows from (3).»As 2 result the

gaiﬁ is decréased and becomes sensifive to fhé

. temperature,

This'eﬁfect ié ciea;ly showﬁ'in Fig.z.:Curve 1

represerts a CGaussian donor profile with a2 surface



“jcondéhfrationwﬁé = 5v.>1020cm-3 and a diffusion depth '
T T MM

: 3_ x‘*_Accbfding to Tannenbaum and Thomas_the,

\whoi; aféa-beneafh thié profiié‘;ads effectiye;y to
fﬁg emifter chafge QE' N
'éurvés.il, 111 and 1V répfesent thev"effective"
“emitter profiies correcfed by'expfession (19) for 250,
‘300 and 350°K respectively, fhese.fiétive doping
'§£ofiiés.ent;r'fhe expression.(ls) fqr calculafién

of the effecti&e emitter charge Qg. It is Obvioué

‘from this fiéure that the efféctive emitter'ché;ge
‘is'éignificantly reduced, The ;eduction decreases

ﬁith iﬁcréasing teméerature and is relatively more

importént'if the surface concentration is higher.

From these facts it follows that for a fixed type of

diffusion profile, emitter width Xo and base charge
QB<a surface concertration exists where the emitter
efficiency is optimum. This is illustrated in Fig, 3
where the'gain @x' is calculated as a function
of Eo for a Gaussian profile, an emitter depth of

2 U aﬁd D Q //'3 = 1012 ¢n”2, According to
v “p8/ o : e
‘Tacnenbaum and Thomas, the géiﬁ should increase
'monotonically with N_. If degeneracy is taken into

_account the-gaih‘is optimum for N§.= 4.1019 en”3 for



}5 §hisffypé,of profile . For other profile types this _

;-fffﬁaiue may be differeﬁt. For largér Valueé oled the ~

..’efféctive emitte; charge QE:decreasés ahd the gain
becomes more and more temperature sensitive, in -
'~ agreement with the experiments dégcribed in ref. BJ
" and Bﬂ', . It is also in agreement with the»postulaté
e s S i) , . -
of Whittier and Downing that the emitter charge:
. v'r 19 -3 o s ! ) :
for hD>-10 cm 1s not effective anymore, However,
the reason here is not a low lifetime but the degeneracy
effeét which creates a large aiding electric field,
“thereby increasing the hole current Jpe' It is
possible that both effects act together.

More recent conputer calculations taking
'recoﬁbination énd apomalous‘diffusion profiies into
accc_:ubn‘t [12] confirm the results described in this-
ietter.” - '_NN '.‘_ S

_ih'cohclusion we can_say fhaf an‘accurate
calculaﬁién of p{ is only possitle b& taking thé
degeneraéy efféct into account. Expression (13)
indicatés thaf'an optimum emitter d&pi#g profiie
.exists and confirms the experiméntal result.that

a,lov tenperature dependerce ofnyzeqﬁires a lightly

. .doped emitter., .
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vCabtions to the TFigures

vFig.‘l (a) Donofprofi}e ND(X) in ar emit?ef.

x =0 correspondslto the base emitter
deplet;on 1ayér boundéry and x = Xe to
the emitter contact.

(b) Bandstructure in the emitfer. For
'ND(X)->‘Nd the bardgap width Eg becomes

smaller than zgo.

Fig. 2 Curve I: Gaussian émitter profile,
Curves 11, IIl1 and iV represent the
Meffective" emitter profiles corrected by
exp?eﬁsion (19) for 250, 300 and 35603

respectively,

Ry
e
[18]
.
(74

Curve I: emitier efficiency current gain
ﬁz as calculated from the Tanrrenbaum-Thomas

formula vs, surface concertration X, for a

o)

Gazussiarnr enitter profile,
Curves II, I1I and 1V: calculated from (13)

"for 350, 3CGC and 350°% respectively.

Em: , epth x_ = fom d D.Q /D
itter depth <o 2/_1 and Dp“B/Jn

.
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